The Very High Temperature Reactor (VHTR) system, which is one of generation IV reactors, is the high temperature gas-cooled reactor (HTGR) with capabilities of hydrogen production and high efficiency electricity generation. The High Temperature Engineering Test Reactor (HTTR) is the first HTGR in Japan. The HTTR achieved full power of 30MW at a reactor outlet coolant temperature of about 950 °C in April, 2004 during the "rise-to-power tests" confirming the reactor performance. The safety demonstration tests by using the HTTR started from 2002 and are under going to demonstrate inherent safety features of HTGRs. The experimental data obtained in these tests are inevitable to design the VHTR with high cost performance. The analytical models validated through these tests in the HTTR are applicable to precise simulation of an HTGR performance and can contribute to the research and development of the VHTR.
Introduction
The Japan Atomic Energy Agency has been promoting the research and development concerning the reactor and hydrogen production technologies to develop the commercial high temperature gas-cooled reactor (HTGR) system. Especially, as for the research and development concerning of the reactor technologies, the research to establish and upgrade basic technologies for the HTGRs has been progressing by using the High Temperature Engineering Test Reactor (HTTR). The analysis technologies to design and evaluate the Very High Temperature Reactor (VHTR) system, which is one of generation IV reactors, have been validated and improved by using the experimental data obtained from the HTTR operation. The validated and improved analysis technologies enable to evaluate with not over conservative but proper calculation conditions and to design the VHTR system with high cost performance.
The HTTR attained its first criticality in November 1998 (1) . The rise-to-power tests were started in September 1999, and at the fourth phase of the tests, the HTTR reached its full power of 30 MW with reactor outlet coolant temperature of 850 °C in December 2001.
The maximum reactor outlet coolant temperature of 950 °C was achieved at the fifth phase of the rise-to-power tests in April 2004 (2) . As for the safety demonstration, the control rod withdrawal test and the partial loss of coolant flow test have been carried out (3) . Through these tests, the inherent safety features, which show the slow temperature response during abnormal events due to large heat capacity of the reactor core and have the negative reactivity feedback effect, were demonstrated.
Outline of HTTR
The main specification of the HTTR is shown in Table 1 and the vertical and horizontal cross sectional view of the HTTR is shown in Fig. 1 . The reactor consists of a reactor pressure vessel (RPV), fuel elements, replaceable and permanent reflector blocks, core restraint mechanism, control-rods, etc.
Thirty columns of fuel blocks and seven columns of control-rod guide blocks form the reactor core, called the fuel region, which is surrounded by replaceable and permanent reflector blocks. The fuel element of the HTTR is so-called pin-in-block type, which is made up of fuel rods and a hexagonal graphite block. Enrichment of U-235 is 3 to 10 (average 6) wt%. The configuration of the fuel element is shown in Fig. 2 . A coated fuel particle (CFP) consists of a micro-sphere of low enriched UO 2 with the TRISO (tri-isotropic) coating. The CFPs are incorporated into fuel compacts with a graphite matrix. The fuel rod, which is composed of fuel compacts and a graphite sleeve, is contained within a vertical hole of a graphite block. The CFP consists of spherical fuel kernel of low enriched UO 2 (about 6 % on the average) with the TRISO coating. The TRISO coatings consist of a low-density, porous PyC buffer layer (60 µm) adjacent to the fuel kernel (600 µm in diameter) followed by high-density isotropic pyrolytic carbon (PyC) layer (30 µm), a SiC layer (25 µm) and a final (outer) PyC coating (45 µm). The CFPs are incorporated into the fuel compact, which is 10 mm in inner diameter, 26 mm in outer diameter and 39 mm in height, with graphite matrix. Helium gas flows downward through the 3.5 mm annular gap between the vertical hole and the fuel rod to remove heat produced by fission and gamma heating. Sixteen pairs of control-rods (CRs) in the fuel and At a reactor scram, electromagnetic clutches of the control-rod drive mechanisms are separated, and the control-rods fall into holes in the control-rod guide blocks by the force of gravity at a constant speed, shutting down the reactor safely.
As shown in Fig. 3 , the cooling system of the HTTR consists of a main cooling system operating at normal operation; and an auxiliary cooling system (ACS) and a vessel cooling system (VCS) which are the engineered safety features, operating after a reactor scram to remove residual heat from the core. The main cooling system, which consists of a primary cooling system, secondary helium cooling system, and a pressurized water-cooling system, removes heat generated in the core and dissipates it to the atmosphere by a pressurized Primary coolant of helium gas from the reactor at 950 °C flows inside the inner pipe of the primary concentric hot gas duct to the IHX and PPWC. The primary helium is cooled to about 400 °C by the IHX and PPWC and returns to the reactor flowing through the annulus between the inner and outer pipes of the primary concentric hot gas duct. The ACS, consisting of auxiliary helium cooling system, auxiliary water-cooling system, concentric hot gas duct, etc. is in standby during normal operation and starts up to remove residual heat after a reactor scram. The VCS cools the biological concrete shield surrounding the reactor pressure vessel at normal operation, and removes heat from the core by natural convection and radiation outside the reactor pressure vessel under 'accident without forced cooling' conditions such as a rupture of the primary concentric hot gas duct, when neither the main cooling system nor the auxiliary cooling system can cool the core effectively.
Improvement of Analysis Technologies by Using the HTTR Data
The data obtained from the HTTR is very useful to validate and improve the calculation model to simulate the HTGR performance such as reactor neutronics, reactor kinetics, plant dynamics, heat exchanger characteristics, transport of fission products, impurity behavior in the primary coolant, core temperature behavior during the loss of coolant flow, etc. Figure  4 shows the main calculation codes validated by using the HTTR data.
In commercialization of economically competitive HTGRs, it is necessary to eliminate or simplify the engineered safety features by establishing new safety evaluation philosophy taken account of its excellent inherent safety features with keeping the same safety level as conventional nuclear power plant such as light water reactor.
The loss of coolant flow test without reactor scram performed as the safety demonstration in the HTTR will demonstrate that the elimination or simplification of the engineered safety features such as the ACS and VCS in the HTTR can be possible.
As for the validation and improvement of the analysis technologies, the calculation Cooling system of HTTR models for reactor kinetics and the IHX performance are shown as follows.
Calculation Model for Reactor Kinetics
The control rod withdrawal test by using the HTTR to simulate an abnormal reactivity insertion event demonstrates that the rapid increase of reactor power by withdrawing the control rods is restrained by only the negative reactivity feedback of the core and the transient of fuel temperature is slow (4) . In the control rod withdrawal test, the central pair of control rods out of 16 pairs in the core is withdrawn with the reactor power control system being disabled as shown in Fig. 5 , that is to say, the positions of remaining 15 pair of control rod keep the initial position during the test. In this test, power supply for driving all the control rods excepting the central pair is cut off to keep their position and to prevent withdrawal of control rods by mistake. In addition, the normal set value of 20 mm for the control rod pattern interlock is switched to 50 mm, which corresponds to the limitation of continuous withdrawal of control rods in the HTTR. The cut-off of power supply driving the control rods and modification of the control rod pattern interlock is done automatically upon selection of the test mode switch. As for the test condition, the control rods withdrawal speeds are 1 mm/s and 5 mm/s, the control rods withdrawal distance is from 10 mm ~ 40mm. Calculation of the control rod withdrawal test was performed by using the core and plant dynamics analysis code ACCORD (5) . The ACCORD code consists of calculation modules for reactor kinetics, heat transfer calculation in reactor, heat exchangers and piping, control system and safety protection system of the HTTR. The main features of the calculation model of the reactor kinetics are as follows: -Equivalent cylindrical channels represent the reactor core as the average fuel elements. Reactor kinetics is calculated by conventional point kinetics approximation with six delayed neutron groups. This simple model is adopted because graphite moderated and gas-cooled reactor has a long neutron migration length and the size of the HTTR core is small, that is, space dependence is not intimate with respect to power distribution. Main calculation codes validated by using the HTTR data -The reactor power is calculated by a balance of feedback reactivity due to fuel and moderator temperatures of the reactor core with additional reactivity caused by the control rods motion. -The two-dimensional and time-dependent heat conduction equation is solved for the fuel channel.
The calculation result of control rod withdrawal test in the reactor power of 15 MW in comparison with experiment results is shown in Fig. 6 . Positive reactivity is inserted when the central pair of control rods is withdrawn. The reactor power rises because of no reactivity compensation by movement of other control rods. Then the reactor power decreases due to negative reactivity feedback effect with fuel temperature rise. In the experimental result as shown in red line, the reactor power rises up to about 16.7 MW from the initial reactor power of 15.2 MW and decreases afterward. Finally, the reactor power approaches to about 15.5 MW as the positive reactivity by control rod withdrawal compensates with the negative one by core temperature rise. The calculation result of reactor power as shown in gray line shows a good agreement with the experiment one. The calculation result as shown in blue line is more precise than gray line. In this calculation, the improved point kinetics model considering the reactivity feedback effect due to the regional temperature change (6) was used. The conventional point kinetics model can simulate conservatively the reactivity insertion event. On the other hand, the improved point kinetics model can simulate precisely such event. The improved point kinetics model makes possible the more realistic safety evaluation with proper conservative calculation condition and the more flexible core design in the VHTR system. The improved calculation model has been revalidated through another control rod withdrawal tests on the different experimental condition of the reactor power of 18MW and 24MW in the HTTR. 
Arrangement of control rods

Calculation Model for IHX Performance
The IHX is the very important component to supply the high temperature process heat to the heat utilization system such as hydrogen production system. The IHX in the HTTR is a vertical helically-coiled counter flow type heat exchanger in which primary helium gas flows on the shell side and secondary helium gas in the tube side as shown in Fig. 7 .
Primary helium gas enters into the IHX through the inner pipe of the primary concentric hot gas duct connected at the bottom of the IHX. It flows upwards around the heat transfer tubes to transfer the heat to the secondary helium cooling system. It flows to the primary Reactor power (Analysis result: Multi-channel and multi-region) gas circulator via the upper outlet nozzle and flows back to the annular space between the inner and outer shells. Secondary helium gas flows downwards in the heat transfer tubes and upwards in the central hot gas duct through the hot header. The material of the heat transfer tubes and the hot header is Hastelloy XR, and the inner and outer shells are made of 2.25Cr-1Mo steel. The inner structures such as the heat transfer tubes, the central hot gas duct and the hot header are operated beyond 900 °C.
The calculation model has been developed to evaluate the transferred heat, the temperature of the primary and the secondary coolant and the temperature of the inner structure of the IHX during the HTTR operation. The main features of the calculation model are as follows: -The network model considering the heat transfer is adopted on the two-dimensional and symmetric calculation configuration with the cylindrical coordination. -Three network models for conduction, convection and radiation are adopted because the IHX operates in the high temperature condition.
The calculation results of the maximum temperatures of the heat transfer tube and hot header during the rise-to-power for the 950 °C test operation are shown in Fig. 8 . The calculation result of the heat transfer tube and the hot header at the 950 °C test operation agrees with the experimental one within about 5 °C and 20 °C, respectively. The accuracy of the calculation model for the IHX performance was confirmed through this validation. Such calculation model is applicable to design the shell and tube typed IHX with the excellent performance and the low cost in the VHTR system. The calculation model for the IHX performance will be revalidated with the data obtained through the long period operation for over 30days with the reactor outlet coolant temperature of 850 °C performed in 2007 and 950 °C planned in the near future.
Conclusion
The validation and improvement of the analysis technologies by using HTTR data have been progressing actively. In the near future, the safety demonstration test such as the loss of coolant and all blackout flow and the long period operation of reactor coolant outlet temperature of 950 °C are scheduled in the HTTR. From the safety demonstration test, the From the long period operation of reactor coolant outlet temperature of 950 °C, the data concerning the high temperature coolant chemistry, high temperature component behavior, core physics of burn up, fission product retention performance of CFP will be obtained. The HTTR is the only block typed HTGR in the world and is able to provide the useful data to design the VHTR system with highly inherent safety features and low construction cost. These experimental data will be used effectively to design the HTTR-IS which is planned as the demonstration plant of hydrogen production with nuclear heat and the GTHTR300C as Japan VHTR.
